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Profilaggrin is a major highly phosphorylated protein component of the keratohyalin granules of mammalian
epidermis. It contains 10 to 12 tandemly repeated filaggrin units and is processed into the intermediate
filament-associated protein filaggrin by specific dephosphorylation and proteolysis during terminal differenti-
ation of the epidermal cells. Later, filaggrin itself is degraded to free amino acids that participate in
maintenance of epidermal flexibility. The present paper describes the structural organization of the 5' region
of the human profilaggrin gene as well as the amino terminus of the profilaggrin protein. The primary
profilaggrin transcript consists of three exons and two introns. The first exon (exon I) is only 54 bp and is
untranslated. The coding sequences are distributed between exon H (159 bp) and exon Ill, which contains the
information for 10 to 12 filaggrin repeats (972 bp each) and the 3' noncoding sequences. A very large intron
separates exons I and II. The combination of a very short exon I with an unusually long intron 1 makes the
structure of the profilaggrin gene unique among the epidermally expressed genes investigated so far.
Comparison of the expression patterns revealed by primer extension and RNase protection analysis of foreskin
epidermal and cultured keratinocyte RNAs suggests that alternately spliced messages, which are different from
profilaggrin mRNA, are transcribed from the profilaggrin gene system at earlier stages of epidermal
differentiation. The amino terminus of profilaggrin exhibits a significant homology to the small calcium-binding
S100-like proteins. It contains two a-helical regions, termed EF-hands, that bind calcium in vitro. This is the
first example of functional calcium-binding domains fused to a structural protein. We suggest that in addition
to its role in filament aggregation and the maintenance of epidermal flexibility, profilaggrin may play an
important role in the differentiation of the epidermis by autoregulating its own processing in a calcium-
dependent manner or by participating in the transduction of calcium signal in epidermal cells.

Terminal differentiation of human epidermis involves the
expression of sets of novel structural proteins including the
keratin intermediate filaments (composed of keratins 1 and
10) and two other proteins, loricrin and profilaggrin, which
are codeposited as keratohyalin granules (7, 60). Loricrin is
now known to be a principal component of the insoluble cell
envelope to which it is covalently cross-linked both by
disulfide bonds and by N-(y-glutamyl)lysine cross-links
formed by the action of epidermal transglutaminases (24,
25). Profilaggrin has a completely different fate. This protein
initially accumulates as an insoluble phosphorylated poly-
protein precursor consisting largely of filaggrin repeats (36,
44, 55). It has a half-life of about 6 h, and at very late stages
of differentiation, it is dephosphorylated and proteolytically
processed into individual filaggrin molecules (22, 45, 51) that
presumably interact with and align the keratin filaments in a
plane parallel to the surface of the epidermis (8, 57, 58).
Filaggrin itself has a half-life of only about 24 h in stratum
corneum cells (45) and is degraded mostly into free amino
acids that are required for maintenance of epidermal osmo-
larity and hence flexibility and perhaps even for immunolog-
ical protection of the organism (9, 43, 56). Thus, on the basis
of our current understanding, the product of the profilaggrin
gene is ultimately utilized in at least two important functions
in normal epidermis. This series of events is clearly abnor-
mal in a number of diseases of cornification in the epidermis,
particularly the various classes of ichthyoses (65). For
example, in epidermolytic hyperkeratosis and lamellar ich-
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thyosis, there is usually a massive accumulation of profilag-
grin and little apparent processing into functional filaggrin; in
ichthyosis vulgaris, the production of profilaggrin seems

greatly reduced from the normal level (9).
In order to better understand these abnormalities, a more-

detailed characterization of profilaggrin gene organization
and expression is needed. Recently, we isolated and partially
characterized the human gene and confirmed that it encodes
a polyprotein consisting of many tandemly arranged filaggrin
repeats (18, 41). We showed that it is highly polymorphic,
both with respect to the numbers of repeats (10, 11, or 12
repeats within the human population) and to the actual
sequences themselves (neighboring repeats show as much as
20% sequence variation). We also identified sequences on
the amino and carboxyl termini that are unlike the filaggrin
repeats; however, their functions remain obscure. An initi-
ation codon was proposed but could not be confirmed (18),
and we described one intron in the putative 5' untranslated
sequence. The purpose of the present study was to extend
these initial findings. Primer extension and RNase protection
experiments have now enabled us to determine that the
transcription initiation site (Cap site) for profilaggrin mRNA
lies many kilobases upstream of the site in our earlier model
and that there is another very large intron (9,713 bp) in the 5'
untranslated sequences. Moreover, the amino terminus of
profilaggrin extends 221 amino acids upstream of the previ-
ously proposed initiation codon and contains two func-
tional calcium-binding domains, which possibly afford a
third important role for this protein in epidermal differenti-
ation.
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TABLE 1. Positions and sequences of the primers

Primer Positions Exon Sequencea Expt"

1- 9924-9897 II TCAGGATTTGCCGAAATTCCTTT PE, A-PCR, RNA PCR
2- 10524-10498 III AGTGAAGTCAATTTTCTTGTTGTGGTC PE, A-PCR, RNA PCR
3- 11156-11132 III GGTACCTGGCTTGTATTTTCATGTC PE, A-PCR, RNA PCR
4- 9900-9883 II gtgcacgcatgcaagcttCCAGAAGTTCCTTCAGCT A-PCR
5- 11128-11101 III ACCTGTTCACTTGAGATGATGATTGGCC A-PCR
6- 10474-10457 III gtgcacgcatgcaagcttCATCAACCATATCTGGGT A-PCR
7- 11098-11081 III gtgcacgcatgcaagcttCAGCCTTGATCTTT A-PCR
8- 10601-10552 III CCTGATATCGGTAAATTCTCTTTCTGGTAGACTCATAATATGCTTGAGC A-PCR
1+ 2-32 I GACCCAGCAGGCTCCTTCAGGCTACATTCT RNA PCR
2+ 9767-9792 II GTTCACATTTATTGCCAAAAGATGT RNA PCR
3+ 10457-10474 III CCAGATGACCCAGATATGGTTGATG RNA PCR
4+ 10552-10577 III GCTCAAGCATATTATGAGTCTACCAG RNA PCR
AdT gactcgagtcgacatcga(T.6) A-PCR
a The lowercase letters represent the sequences of the restriction sites that were added to the profilaggrin-specific sequences as adaptors.
b PE, primer extension; A-PCR, RNA-mediated anchored PCR.

MATERUILS AND METHODS

Positions and sequences of the primers. The primers used in
primer extension and polymerase chain reaction (PCR) ex-
periments are described in Table 1.
RNA isolation. Total foreskin epidermal RNA was isolated

from rapidly frozen foreskin epidermis by guanidine hydro-
chloride extraction as described elsewhere (41). The RHEK
cell RNA was a kind gift from J. H. Han (National Institute
of Dental Research).
Primer extension. The primer extensions were done essen-

tially as described elsewhere (52). Briefly, 15 ,ug of total
foreskin epidermal or RHEK cell RNA was annealed to 106
dpm of 5'-end-labeled primer (108 dpm/pug) overnight at 37,
45, or 50°C in a buffer containing 40 mM PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid); pH 6.5], 1 mM EDTA, 400
mM NaCl, and 80% formamide. The extensions were done in
1 x RT buffer (Bethesda Research Laboratories) with 200 U
of SuperScript or 4 U of avian myeloblastosis virus reverse
transcriptase (Bethesda Research Laboratories) for 90 min at
45 or 50°C. The extended products were resolved on a 6%
denaturing polyacrylamide gel and exposed to an XAR-5 film
(Kodak) with a Lightning Plus intensifying screen (Dupont).
RNase protection experiments. The RNase protection ex-

periments were done with a commercial kit, RPA II (Am-
bion), essentially according to the manufacturer's protocol.
The template DNA fragments were subcloned into the
pGEM-3z vector (Promega) by standard procedures (52).
The antisense riboprobes were synthesized with the T7 or
SP6 RNA polymerase to an average specific activity of 2 x
108 dpm/,ug. In each case, 15 ,ug of RNA was annealed to S

x 10 dpm of riboprobe overnight at 50°C in 400 mM Na+.
The duplexes were digested with a mixture of RNases A and
Ti for 60 min at 30°C and resolved on a 6% denaturing
polyacrylamide gel. After being dried, the gels were autora-
diographed on XAR-5 film (Kodak) with an intensifying
screen (Dupont).
RNA-mediated anchored PCR. The procedure of Frohman

(17) was followed, with slight modifications. Briefly, 5 pug of
DNase I-pretreated RNA was extended in separate reactions
with 20 pmol of primer 1-, 8-, or 3-. The excess primers
were removed on Chroma spin 100 columns (Clontech), and
the tailing reactions were carried out in 20 ptl of lx tailing
buffer (Bethesda Research Laboratories) in the presence of
200 p.M dATP with 25 U of terminal deoxynucleotidyltrans-
ferase (Bethesda Research Laboratories) for 1 h at 37°C.
Samples were diluted twice with Tris-EDTA buffer and

purified through Chroma spin 100 columns. PCR was done
with the commercial DNA amplification reagent kit (Perkin-
Elmer Cetus) according to the manufacturer's recommenda-
tions. In the first round, 20 ,ul of deoxyribosyladenine-tailed
cDNA was amplified with pairs of 25 pmol of adaptor
deoxyribosylthymine primer and 25 pmol of gene-specific
primer, e.g., primers 1-, 2-, and 5-, respectively. All PCR
runs were done as step cycle reactions with a Perkin-Elmer
Cetus DNA Thermal Cycler. The conditions for the first
round of PCR included initial denaturation at 95°C for 5 min
followed by 10 cycles of denaturation at 95°C (1 min),
annealing at 45°C (1.5 min), and extension at 72°C (2.5 min)
and another 20 cycles at 95°C (1 min), 55°C (1.5 min), and
72°C (2.5 min); finally, extension was completed at 72°C for
7 min. The amplification mixtures were diluted 1:1,000 with
Tris-EDTA buffer, and 1 pl of each dilution was reamplified
under the following conditions: initial denaturation at 95°C (5
min); 30 cycles of 95°C (1 min), 55°C (1 min), and 72°C (2.5
min); and final extension at 72°C (7 min), again with adaptor
deoxyribosylthymine as a plus-strand primer and another set
of nested profilaggrin-specific primers, namely, 4-, 6-, and
7-, for the minus strand. The products of the second
amplification were ethanol precipitated, digested with Hin-
dIII and XhoI (New England Biolabs), purified through
Chroma spin 100 columns, and cloned into the pGEM-3z
vector (Promega). A large number of clones carrying pro-
filaggrin sequences were selected and sequenced by dideoxy
chain termination reaction with the U.S. Biochemicals Se-
quenase version 2.0 sequencing kit.
RNA PCR. DNase I-pretreated total foreskin epidermal

RNA and RHEK cell RNA (200 ng each) were reverse
transcribed and amplified in single reaction tubes by the
thermostable rTth DNA polymerase with the Perkin-Elmer
Cetus Thermostable rTth reverse-transcriptase RNA PCR
kit, essentially according to the manufacturer's protocol.
The cDNA synthesis was primed with primer 1-, 2-, or 3-
and was carried out for 10 min at 70°C. The upstream
primers 1+, 2+, 3+, and 4+ were added to the corresponding
reaction mixtures for the amplification step. The cycling
conditions were adapted as follows: initial denaturation at
95°C (2 min) and 30 cycles at 95°C (1 min), 60°C (1 min), and
72°C (1.5 min). The PCR products were analyzed on a 2.5%
SeaKem GTG agarose gel.
cDNA library screening and sequencing of the A clones. A

foreskin epidermis Xgtll library (41) was screened with
primers 1-, 2-, and 3-. Phage DNA was isolated from single
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positive plaques and sequenced by a double-stranded DNA
cycle sequencing system (Bethesda Research Laboratories)
with the Xgtll forward and reverse primers (Bethesda Re-
search Laboratories), as well as with profilaggrin-specific
primers.

Miscellaneous procedures. DNA and RNA gel electro-
phoresis, end labeling of synthetic oligonucleotides with
[y..32P]ATP, enzyme digestions, ligation reactions, DNA
cloning, and colony and plaque hybridizations were done
according to standard procedures (2, 52). DNA for sequenc-

ing was purified from miniprep cultures by the Magic Mini-
prep DNA purification system (Promega).

Protein extraction, electrophoresis, and Western blot (im-
munoblot) analysis. Proteins were extracted from human
foreskin epidermis or from 2-day-old mouse epidermis by a

procedure described previously (59) with 50 mM Tris-384
mM glycine buffer, supplemented with 2% sodium dodecyl
sulfate (SDS)-5% 2-mercaptoethanol, for 5 min in a boiling
water bath. The extract was clarified by centrifugation for 15
min at 12,000 x g, and profilaggrin was selectively precipi-
tated from the supernatant with 0.25 volume of 4 M NaCl. A
pellet was collected at 12,000 x g for 10 min and was washed
three times with 75% ethanol to remove SDS. Profilaggrin
was dephosphorylated by dissolving the pellet in 25 mM
NaOH and incubating the solution for 30 min at 22°C (40).
The solution was neutralized with 0.25 volume of 500 mM
Tris-HCl (pH 6.8) and stored in aliquots at -20°C for further
use. Proteins were separated on a 5 to 16% gradient polyac-
rylamide gel according to the method described by Laemmli
(31) and were transferred to a polyvinylidene difluoride
(PVDF) membrane on a semidry blotting apparatus in 20%
methanol-25 mM Tris-192 mM glycine-0.1% SDS (63) at 50
V/cm for 150 min or at 10 V/cm overnight. For immunolog-
ical detection, the protocol of Scheidtmann (54) was fol-
lowed. The blots were blocked in 0.5% Tween 20 in phos-
phate-buffered saline for 2 h and were probed separately
with antibodies against human filaggrin (AKH1; Biomedical
Technologies Inc. [6]), mouse filaggrin (24, 68), and an

antibody designated DTN (raised in rabbits; Hazleton Re-
search Products Inc., Denver, Pa.) against a synthetic pep-

tide (LERRNNRKGNKGRSKS) corresponding to positions
127 to 142 of human profilaggrin. A second antibody conju-
gated to horseradish peroxidase was used to detect the
bands.

Purification of 50-kDa protein. The supernatant from the
precipitation of mouse profilaggrin was loaded on a reverse-

phase high-pressure liquid chromatography column (4.6 by
75 mm; Ultrapore C3 [Beckman]) and was fractionated with
a 20-min linear gradient from 40 to 60% acetonitrile in 0.1%
CF3COOH. Two neighboring fractions which gave a positive
reaction with the DTN antibody were pooled, concentrated
under vacuum, and rechromatographed on the same column
with a more shallow gradient for 30 min. The fraction
containing a major protein band on SDS-polyacrylamide gel
electrophoresis with a molecular mass of about 50 kDa was

retained.
Calcium-binding assay. Calcium binding to proteins was

assayed by the micromethod described by Kawasaki et al.
(27), which permits the use of picomolar amounts of protein.
The proteins were incubated for 1 h in 10 ,uM CaCl2-50 mM
Tris-HCl (pH 7.5)-100 mM NaCl-10 pCi of 45CaCl2 per ml
and filtered through Schleicher & Schuell BA85 nitrocellu-
lose membranes. Alternatively, PVDF membranes with pro-

teins blotted on them were washed with two changes of
methanol for S min, soaked in 10 ,uM CaCl2-50 mM Tris-HCl
(pH 7.5)-100 mM NaCl, and incubated for 1 h with 10 ,uCi of

45Ca2+ per ml in the same buffer. The filters were washed
twice for 30 s at room temperature in a solution containing 10
,M CaCl2, 50 mM NaCl, 20 mM Tris-HCl (pH 7.5), and 10%
methanol, dried, and exposed to an X-ray film for 48 h with
an intensifying screen. The autoradiograms were scanned on
a computing densitometer with ImageQuant software ver-
sion 3.0 (Molecular Dynamics).
Computer analysis of sequences. Protein sequence homol-

ogies, secondary-structure prediction, and nucleic acid se-
quences were analyzed with the University of Wisconsin
sequence analysis software packages compiled by the Uni-
versity of Wisconsin Genetics Computer Group (10) and
with the IBI Pustell sequence analysis software (version 3.5;
International Biotechnologies, Inc.).

Nucleotide sequence accession number. The nucleic acid
and protein sequences of human profilaggrin are deposited in
GenBank under accession number M96943.

RESULTS

Human profilaggrin is synthesized in the late stages of
epidermal differentiation from a large (more than 13-kb)
mRNA (41). The level of expression is Ca2" dependent, and
in cultured human keratinocytes profilaggrin mRNA tran-
scription can be induced with calcium (24, 68). In order to
elucidate the mechanisms regulating the expression of this
major epidermal protein, we needed to define precisely the
structure of the mature mRNA and of the gene encoding it,
especially the 5' region, where most of the regulatory signals
are normally located. To this aim, three independent ap-
proaches were applied. Figure 1 shows the sequences deter-
mined by the results presented below.
Primer extension. Figure 2A shows in schematic form the

primer extension experiments that were performed. Three
antisense oligonucleotide primers were chosen (Fig. 1B and
Table 1). Primer 1- was located at the 3' boundary of the
first exon defined by comparison of a partial cDNA and a
genomic clone (exon II in Fig. 1) (18). Primers 2- and 3-
resided 51 and 685 bp, respectively, downstream from the
570-bp intron. The primers were end labeled and hybridized
in separate reactions to total foreskin epidermal RNA as
described in Materials and Methods. After extension with
reverse transcriptase, the products were resolved on a
denaturing 6% polyacrylamide gel (Fig. 2B). The extension
of primer 2- yielded a single band of about 290 nucleotides
(nt) (Fig. 2B, lane 2). The extension pattern with primers 1-
and 3- was more complex. Only the 210- and 920-nt bands
(indicated by arrowheads in Fig. 2B, lanes 1 and 3, respec-
tively) were consistent in length with the 290-nt extension
product of primer 2-. The primer extension experiment was
repeated with different RNA preparations, under different
conditions (temperatures of annealing and extension) and
with different enzymes (avian myeloblastosis virus reverse
transcriptase and SuperScript reverse transcriptase). In each
case, a similar pattern, although much fainter with the avian
myeloblastosis virus than with SuperScript reverse tran-
scriptase, was discerned (data not shown), thus indicating
that the extended products were not artifacts of the experi-
mental procedure or due to the degradation of the foreskin
epidermal RNA. From our previous data (18), it was clear
that the sequence of primer 2- was contained in the profilag-
grin cDNA. The 290-nt band was the only extended product
of this primer. We therefore concluded that the 290-nt band
in Fig. 2B, lane 2, and the corresponding 210- and 920-nt
bands in lanes 1 and 3, respectively, were the major ex-
tended products of the human profilaggrin mRNA.
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A.
gXHF5 AAACGTATTAATATGTCCTACTCTTCTAGAGACAAGGATCAAGAAGTGTATTTATCAATAGATATTTACCAAGCA -301
gXHF5 CCTGTCAAGCCAAAGTGGGGTTACAGAAAAGTAGGTATGGGCCCTGCACACAAACAACCTGTATTAGCCAAAGGG -226
gXHF5 ACCCTTCCATAAAATTTCCAATATGTAAACCCAAATTTGGAACTTGCTGAAACAAGTACAGATGAGTACGTGAGG -151
gXHF5 AAGCTGGGAAGTAAACACAGGTTCGTGGAGAAATAGAGGTGGAGATATGGGTGGATCTAGGTTTGGTTAGGAATG -76

"TATA-BOX"
gXHF5 AATCAGACCATCCCACAGAGGGTGGCTCCTCCCTGCATTGGGGCCTGCTATAAAAGGGCCATTATCTCAGCCTTC -1

Exon I Intron 1
gXHF5 AGTACCCAGCAGGCTCCTTCAGGCTACATTCTATTTGCTCATTTGGTGAACAAGgtaagaaggaatacatttaat 75
A11 CTTTTGGTGAACAAG 15
X14 GGTGAACAAG 10
PCRH6 G-ACCCAGCAGGCTCCTTCAGGCTACATTCTATTTGCTCATTTGGTGAACAAG 52
PCRC12 G-ACCCAGCAGGCTCCTTCAGGCTACATTCTATTTGCTCATTTGGTGAACAAG 52

Exon II S T 2
gXHF5 tttg .. 9663 bp ..gtgcattttcatttgttctttctagGTTCACATTTATTGCCAAAAGATGTCTACTC 9798
A11 GTTCACATTTATTGCCAAAAGATGTCTACTC 46
X14 GTTCACATTTATTGCCAAAAGATGTCTACTC 41
PCRH6 GTTCACATTTATTGCCAAAAGATGTCTACTC 83
PCRC12 GTTCACATTTATTGCCAAAAGATGTCTACTC 83

L L V F I F A I I N L F N E Y S K K D K N T D T L 27
gAHF5 TCCTGGTTTTCATCTTTGCCATAATTAATCTTTTCAACGAATATTCAAAAAAAGATAAAAACACTGACACATTGA 9873
X11 TCCTGGTTTTCATCTTTGCCATAATTAATCTTTTCAACGAATATTCAAAAAAGATAAAAACACTGACACATTGA 121
X14 TCCTGGTTTTCATCTTTGCCATAATTAATCTTTTCAACGAATATTCAAAAAAAGATAAAAACACTGACACATTGA 116
PCRH6 TCCTGGTTTTCATCTTTGCCATAATTAATCTTTTCAACGAATATTCAAAAAAAGATAAAAACACTGACACATTGA 158
PCRC12 TCCTGGTTTTCATCTTTGCCATAATTAATCTTTTCAACGAATATTCAAAAAAAGATAAAAACACTGACACATTGA 158

S K K E L K E L L E K E F R Q I L K Intron 2 45
gAHF5 GTAAAAAAGAGCTGAAGGAACTTCTGGAAAAGGAATTTCGGCAAATCCTGAAGgtaagagtgtctgacaagacca 9948
.11 GTAAAAAAGAGCTGAAGGAACTTCTGGAAAAGGAATTTCGGCAAATCCTGAAG 173
X14 GTAAAAAAGAGCTGAAGGAACTTCTGGAAAAGGAATTTCGGCAAATCCTGAAG 168
PCRH6 GTAAAAAAGAGCTGAAGGAACTTCTGGAAAAGGAATTTCGGCAAATCCTGAAG 211
PCRC12 GTAAAAAAGAGCTGAAGGAACTTCTGG 184

Exon III
N P D D P D M V D V F 56

gXHF5 aag.. 470 bp .. ccCtCtgtgacttccctctgtacagAATCCAGATGACCCAGATATGGTTGATGTCTTCA 10480
A11 AATCCAGATGACCCAGATATGGTTGATGTCTTCA 207
X14 AATCCAGATGACCCAGATATGGTTGATGTCTTCA 202
PCRH6 AATCCAGATGACCCAGATATGGTTGATG 239

M D H L D I D H N K K I D F T E F L L M V F K L A 81
gXHF5 TGGATCACTTGGATATAGACCACAACAAGAAAATTGACTTCACTGAGTTTCTTCTGATGGTATTCAAGTTGGCTC 10555
X11 TGGATCACTTGGATATAGACCACAACAAGAAAATTGACTTCACTGAGTTTCTTCTGATGGTATTCAAGTTGGCTC 282
X14 TGGATCACTTGGATATAGACCACAACAAGAAAATTGACTTCACTGAGTTTCTTCTGATGGTATTCAAGTTGGCTC 277

Q A Y Y E S T R K E N L P I S G H Q H R K H S H H 106
gXHFS AAGCATATTATGAGTCTACCAGAAAAGAGAATTTACCGATATCAGGACACAAGCACAGAAAGCACAGTCATCATG 10630
XUS AAGCATATTATGAGTCTACCAGAAAAGAGAATTTACCGATATCAGGACACAA 336
X14 AAGCATATTATGAGTCTACCAGAAAAGAGAATTTACCGATATCAGGACACAAGCACAGAAAGCACAGTCATCATG 352

D K H E D N K Q E E N K E N R K R P S S L E R R N 131
gXHF5 ATAAACATGAAGATAATAAACAGGAAGAAAACAAAGAAACAGAAAAAGACCCTCAAGTCTGGAAAGAAGAAACA 10705
X14 ATAAACATGAAGATAATAAACAGGAAGAAAACAAAGAAAACAGAAAAAGACCCTCAAGTCTGGAAAGAAGAAACA 427

N R K G N K G R S K S P R E T G G K R H E S S S E 156
gXHF5 ATAGAAAAGGGAATAAGGGAAGATCCAAGAGCCCAAGAGAAACAGGGGGGAAAAGGCATGAATCTAGTTCTGAAA 10780
X14 ATAGAAAAGGGAATAAGGGAAGATCCAAGAGCCCAAGAGAAACAGGGGGGAAAAGGCATGAATCTAGTTCTGAAA 502

K K E R K G Y S P T H R E E E Y G K N H H N S S K 181
gXHF5 AAAAAGAAAGAAAAGGATATTCACCTACTCATAGAGAAGAAGAATATGGAAAAAACCATCATAACTCAAGTAAAA 10855
X14 AAAAAAAAAAAAAAGGATATTCAC 526
PCRA1O GATATTCACCTACTCATAGAGAAGAAGAATATGGAAAAAACCATCATAACTCAAGTAAAA 60

K E K N K T E N T R L G D N R K R L S E R L E E K 206
gAHF5 AAGAGAAAAACAAGACTGAAAATACTAGATTAGGAGACAATAGGAAGAGGCTAAGTGAAAGACTTGAAGAGAAAG 10930
PCRA10 AAGAGAAAAACAAGACTGAAAATACTAGATTAGGAGACAATAGGAAGAGGCTAAGTGAAAGACTTGAAGAGAAAG 135

E D N E E G V Y D Y E N T G R M T Q K W I 0 S G H 231
g%HF5 AAGACAATGAAGAAGGAGTATATGATTATGAAAATACAGGAAGAATGACTCAAAAATGGATACAATCAGGCCATA 11005
PCRA10 AAGACAATGAAGAAGGAGTATATGATTATGAAAATACAGGAAGAATGACTCAAAAATGGATACAATCAGGCCATA 210

I A T Y Y T I Q D E A Y D T T D S L L E E N K I Y 256
gAHF5 TTGCCACATATTACACAATCCAGGATGAAGCCTATGACACCACTGATAGTCTATTAGAAGAAAACAAAATATATG 11080
PCRA10 TTGCCACATATTACACAATCCAGGATGAAGCCTATGACACCACTGATAGTCTATTAGAAGAAAACAAAATATATG 285

E R S R S S D G K S S S Q V N R S R H E N T S Q V 281
gXHF5 AAAGATCAAGGTCATCTGATGGCCAATCATCATCTCAAGTGAACAGGTCAAGACATGAAAATACAAGCCAGGTAC 11155
PCRA10 AAAGATCAAGGTCATCTG 303

P L Q E P R T R K R R G S Q F S Q D R D S E G H S 306
gXHF5 CATTGCAGGAGTCCAGGACAAGAAAGCGTAGGGGATCCAGAGTTAGCCAGGACAGGGACAGTGAGGGACACTCAG 11230

FIG. 1. Sequence of the 5' end of the human profilaggrin gene and the amino terminus of human profilaggrin. (A) The nucleotide sequence of
a 5' portion of the genomic clone gXHF5 is aligned with the entire nucleotide sequence of two cDNA clones, All and X14, and the nucleotide
sequence of two clones, PCR6 and PCR12, obtained by RNA-mediated anchored PCR of total human foreskin epidermal RNA. Only sequences
around the splice junctions of the introns in gXHF5 are shown in lowercase letters; the numbers in the introns correspond to the lengths (in base
pairs) of the sequences that are not shown. The deduced amino acid sequence is presented in single-letter code and is numbered from the codon
next to the initiation ATG (marked by an asterisk). A black dot on amino acid 222 marks the previously proposed initiation codon. (B) Sequence
of the genomic clone gXHF5. Arrows underline the sequences and show the directions of the primers used in primer extension and PCR
experiments.

616



CHARACTERIZATION OF PROFILAGGRIN 617

B.
gAHF5 AAACGTATTAATATGTCCTACTCTTCTAGAGACAAGGATCAAGAAGTGTATTTATCAATAGATATTTACCAAGCA -301

g).HF5 CCTGTCAAGCCAAAGTGGGGTTACAGAAAAGTAGGTATGGGCCCTGCACACAAACAACCTGTATTAGCCAAAGGG -226

gAHF5 ACCCTTCCATAAAATTTCCAATATGTAAACCCAAATTTGGAACTTGCTGAAACAAGTACAGATGAGTACGTGAGG -151

g).HF5

"TATA-BOX"
g).HF 5

-76

-1

Exon I Intron 1
gXHF5 AGTACCCAGCAGGCTCCTTCAGGCTACATTCTATTTGCTCATTTGGTGAACAAGgtaagaaggaatacatttaat 75

Exon II
g).HF5 tttg .. 9663 bp . . gtgcattttcatttgttctttcta GTTCACATTTATTGCCAAAAGATGTCTACTC 9798

gA.HF5 TCCTGGTTTTCATCTTTGCCATAATTAATCTTTTCAACGAATATTCAAAAAAAGATAAAAACACTGACACATTGA 9873

Intron 2
g.HFS GTAAAAAAGAGCTGAAGGAACTTCTGGAAAAGGAATTTCGGCAAATCCTGAAGgtaagagtgtctgacaagacca

low4 1V
Exon III

g).HF5 aag.. 470 bp ..

g).HF5

g;.HF5

g).HF5

gXfHF5

3+6-

TGGATCACTTGGATATAfiACCACAACAAGAAAATTGACTTCACTGAGTTTCTTCTGATGGTATTCAAGTTGGCTC

AAGCATATTATGAGTCTACCAGAAAAGAGAATTTACCGATATCAGGACACAAGCACAGAAAGCACAGTCATCATG
_ACGGTTAAAGAAA ACGAGCTATGAGGC8A

ATAAACATGAAGATAATAAACAGGAAGAAAACAAAGAAAACAGAAAAAGACCCTCAAGTCTGGAAAGAAGAAACA

ATAGAAAAGGGAATAAGGGAAGATCCAAGAGCCCAAGAGAAACAGGGGGGAAAAGGCATGAATCTAGTTCTGAAA
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gXHF5 AAAAAGAAAGAAAAGGATATTCACCTACTCATAGAGAAGAAGAATATGGAAAAAACCATCATAACTCAAGTAAAA 10855

gXHF5 AAGAGAAAAACAAGACTGAAAATACTAGATTAGGAGACAATAGGAAGAGGCTAAGTGAAAGACTTGAAGAGAAAG 10930

g)dHF5 AAGACAATGAAGAAGGAGTATATGATTATGAAAATACAGGAAGAATGACTCAAAAATGGATACAATCAGGCCATA 11005

g).HF5 TTGCCACATATTACACAATCCAGGATGAAGCCTATGACACCACTGATAGTCTATTAGAAGAAAACAAAATATATG 11080
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- ~ 7- l- 5- W3
CATTGCAGGAGTCCAGGACAAGAAAGCGTAGGGGATCCAGAGTTAGCCAGGACAGGGACAGTGAGGGACACTCAG

FIG. 1-Continued.
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In an attempt to elucidate the nature of the additional
bands in Fig. 2B, lanes 1 and 3, we repeated the primer
extensions with total RNA from RHEK cells (Fig. 2C).
RHEK cells (46) are an established simian virus 40-trans-
formed human epidermal keratinocyte cell line that do not
synthesize profilaggrin mRNA when grown in monolayers,
even in the presence of 1.2 mM Ca2+ (39). Comparison of the
corresponding lanes in Fig. 2B and C shows that the pro-
filaggrin-characteristic 210-, 290-, and 920-nt extension prod-
ucts were absent in RHEK RNA. However, the profiles in
Fig. 2C, lanes 1 and 3, matched all of the nonprofilaggrin
bands seen in the corresponding lanes of Fig. 2B, although
some of the bands had different intensities. The extension of
RHEK RNA with primer 2- produced a strong band of
about 800 nt that was not observed with foreskin RNA.

Collectively, these results suggest that the 210-nt band in
Fig. 2B, lane 1, the 290-nt band in lane 2, and the 920-nt band
in lane 3 define the same transcription initiation site and
originate from the primer extension of the profilaggrin
mRNA. The comparatively lower intensity of the 920-nt
band may be attributed to the lower efficiency with which
reverse transcriptase can extend such long fragments. We
interpreted the additional bands in lanes 1 and 3 of Fig. 2B
and the 800-nt band in Fig. 2C as most probably representing

alternately spliced messages of the profilaggrin primary
transcript and/or copies of homologous but different mRNAs
expressed during earlier stages of keratinocyte differentia-
tion.
RNase protection. Sequence analysis of the region of the

human profilaggrin gene immediately preceding the splice
donor site of the 570-bp intron did not reveal the presence of
consensus sequence Cap sites that could account for the
observed primer-extended fragments. We therefore assumed
that the initiation site of profilaggrin mRNA transcription
must be located in another exon further upstream. To
identify this exon and to elucidate the exon-intron organiza-
tion in the 5' end of the profilaggrin gene, a series of RNase
protection experiments was carried out. Selected fragments
of the human profilaggrin gene spanning the region from 1.2
kb downstream of the Sacl site in intron 2 to more than 10 kb
upstream of it were subcloned and used as templates for
highly labeled antisense riboprobes (Fig. 3A). Each of these
was hybridized to total foreskin epidermal RNA. The result-
ing RNase-resistant duplexes were resolved on a 6% dena-
turing polyacrylamide gel (Fig. 3B). A single fragment of
about 160 nt was protected by the antisense RNA tran-
scribed from the region between the SacI site in intron 2 and
the Hindlll site at position 8349 in intron 1 (Fig. 3B, lane 2).
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FIG. 2. A primer extension experiment (schematically represented in panel A) was carried out with total human foreskin epidermal RNA
(B) and RHEK cell RNA (C). DNase I-pretreated total RNAs isolated from human foreskin epidermis and RHEK cells were annealed to
primers 1- (lanes 1), 2- (lanes 2), and 3- (lanes 3) and extended with reverse transcriptase as described in Materials and Methods. The
arrowheads point to the three profilaggrin-characteristic extension products. A 32P-end-labeled 1-kb DNA ladder (Bethesda Research
Laboratories) was used as a marker.

The same fragment was protected by the antisense transcript
extending from the SacI site up to an AvaI site at position
7592 (Fig. 3B, lane 3). This fragment represents the pro-
tected sequences of exon II, whose splice donor site has
been defined by a partial cDNA clone (18). The 5' boundary
of the exon was found to be a consensus sequence splice
acceptor site situated 159 bp upstream of the 3' junction.
The primer extension data in Fig. 2B, lane 1, indicated that

the initiation site of the profilaggrin mRNA must lie about
210 bp preceding the 3' boundary of exon II. Since exon II
was found to be 159 bp long, another exon of about 50 bp
should exist upstream of exon II. As the results of Fig. 3B,
lanes 3 to 8, show, no protected fragment with this length
was detected in the region extending 8.3 kb above the
HindIII site. The missing exon I sequences were found as 54
protected nt in the 1.5-kb-longXbaI fragment located 10.1 kb
upstream of exon II (Fig. 3B [lane 9] and D).
However, exon I and exon II were not the only protected

sequences in the 5' region of the human profilaggrin gene. A
number of fragments with various intensities were protected
upon hybridization of total foreskin epidermal RNA to

antisense transcripts spanning the whole sequence of intron
1 upstream of the HindIII site (Fig. 3B, lanes 3 to 8) as well
as about 3.6 kb of the sequences upstream of the protected
exon I (lanes 10 and 11). More information regarding the
nature of these sequences was obtained when an RNase
protection assay with the same antisense probes was carried
out with RHEK RNA. Consistent with the primer extension
results, the sequences of exon I and exon II were not
protected by RHEK RNA (Fig. 3C [lanes 2, 3, and 9] and D).
However, the RNase protection profiles in lanes 4 to 8, 10,
and 11 were identical with both RNA species (compare Fig.
3B and C), indicating that sequences in the profilaggrin gene
are already used as transcription templates in less-differen-
tiated keratinocytes.
The position of the 5' boundary of exon III was deter-

mined previously by comparison of the sequences of a

genomic clone and a cDNA clone (18). When the RNase
protection assay was carried out with an antisense transcript
of the SacI-Kpnl region (Fig. 3A) in accordance with the
primer extension data, several fragments were detected (Fig.
3B, lane 1). The longest fragment, about 700 bp, corre-
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FIG. 3. RNase protection assay. (A) Schematic representation of the 5' portion of the human profilaggrin gene. Shown are the DNA
templates for the highly labeled riboprobes used in the assay shown in the corresponding lanes in panels B and C as follows: KpnI-SacI, lanes
1; Sacl-HindIII, lanes 2; SacI-AvaI, lanes 3; AvaI-BamHI, lanes 4; BamHI-SphI, lanes 5; SphI-EcoRI, lanes 6; XbaI-XbaI, lanes 7;
XbaI-AvaI, lanes 8; XbaI-XbaI, lanes 9; XbaI-SphI, lanes 10 and 11. (B and C) RNase protection profiles of total human foreskin epidermal
RNA (15 1Lg each) and total RHEK cell RNA (15 ,ug each) upon annealing to the riboprobes denoted in panel A. (D) Overexposure of lanes
9 in panels B and C, run in parallel, showing that the 54-nt fragment is protected only in the foreskin (FS) RNA.

sponded to the exon III sequence between the splice accep-
tor site at position 10447 and the KjpnI site. The other three
strong bands (about 380, 340, and 115 nt, respectively) were
highly reproducible with different foreskin epidermal RNA
preparations but could not be explained by the combinations
of putative Cap sites and splice junctions in this region of the
profilaggrin gene predicted by computer sequence analysis
with Cap and splice site consensus sequences. Therefore,
the RNase protection experiment was repeated with RHEK
RNA. With the exception of the 700-nt fragment which was
unique to the foreskin RNA, the rest of the signals were
again identical with both RNAs (compare lanes 1 of Fig. 3B
and C). Presumably they resulted from protection of the
RNA transcripts that generated the complex profiles of the
primer extension experiments in lanes 1 and 3 of Fig. 2.
cDNA library screening. To confirm this new exon-intron

organization, we looked for cDNA clones that might contain
exon I sequences. The oligonucleotide primers for the
primer extension experiments were used as probes for
screening a foreskin cDNA library (41). Two new cDNA
clones were isolated (Fig. 1A). Both of them contained the
159 bp of the exon II and 161 and 358 bp of the exon III
sequences, respectively. In addition, they contained 10 bp of

the new exon I sequence. As we have shown previously (41),
in the foreskin cDNA library there are very few cDNA
clones to the 5' end of the profilaggrin gene, probably
because of the higher level of RNase activity in the termi-
nally differentiated epidermal cells committed to death
and/or the rapid processing of the profilaggrin transcripts.
Nevertheless, the sequences of the cDNA clones Xll and
X14 are in full agreement with the primer extension and the
RNase protection results.
RNA-mediated anchored PCR. In order to determine the

exact sequence of the first exon and to define precisely the
transcription initiation site of the profilaggrin mRNA, RNA-
mediated anchored PCR (17) was performed. Total human
foreskin epidermal RNA was primed with primers 1-, 8-,
and 3- (Fig. 1B; Table 1). The extended cDNAs were
deoxyribosyladenine tailed and amplified in two consecutive
rounds of PCR (see Materials and Methods for details). The
products of the second PCR reaction were introduced into
the pGEM-3z vector, and the profilaggrin-specific clones
were sequenced. In accordance with the primer extension
data, the nested primers 8-, 2-, and 6- eventually generated
a single species of cDNA molecules that were 239 bp in
length (PCRH6; Fig. 1A) encompassing the sequence of
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FIG. 4. PCR of total human foreskin epidermal RNA. The first-
strand cDNA synthesis and the PCR amplification were done in the
same reaction tubes with 200 ng of RNA with thermostable rTth
DNA polymerase. The pairs of primers were 1+/1- (lane 1), 1+/2-
(lane 2), 1+/3- (lane 3), 4+/3- (lane 4), 2'/1- (lane 5), 2+/2- (lane 6),
2+/3- (lane 7), and 3+/3- (lane 8). Lane P, the negative control for
primers 1+/1- (no RNA added); lanes M and M', MspI-digested
pBR322 DNA and EcoRI-HindIII-digested A DNA, respectively.

exon III 5' from the primer 6-, the entire exon II sequence,
and an exon I sequence of 52 bp. The majority of the cDNA
clones generated by primer 1- (e.g., PCRC12 [Fig. 1A]) had
the same structure. In addition, another cDNA clone was

found which contained exon II linked to a sequence of 10 bp
that had the characteristics of a splice donor site but was

different from exon I (data not shown). This is consistent
with the existence of a population of alternately spliced
transcripts all of which contain exon II.
PCR of total epidermal foreskin RNA. Although our results

strongly indicated the juxtaposition of exons I and II to-
gether with exon III in the same mature profilaggrin mRNA,
we did not possess definitive proof that they resided on the
same transcript. To obtain this proof, total human foreskin
epidermal RNA was amplified by PCR with several different
pairs of primers (Fig. 1B and Materials and Methods). The
results are shown in Fig. 4. Since equal amounts of RNA
were used in all lanes, the different intensities of the bands
could be attributed most probably to the different efficiencies
of the PCR amplification with each particular set of primers.
The very faint bands on the gel presumably represented PCR
artifacts, since none of them was consistent with the ob-
served primer extension and RNase protection profiles. As
seen, each pair of primers containing the exon I-located
primer 1+, e.g., 1+/1-, 1+/2-, and 1+/3-, generated virtually
a single product of the expected length (Fig. 4, lanes 1, 2, and
3). Similarly, no multiple bands in the region between the 5'
end of exon II and the Kpnl site in exon III were discerned
(Fig. 1B and 4, lanes 4 to 8). PCR of total RHEK RNA under
the same conditions and with the same pairs of primers failed
to produce any fragments (data not shown).
Taken together, these results suggest that the observed

exon-intron organization is unique to the profilaggrin tran-
scripts. There are no alternate combinations of exons I, II,

and III in the population of the profilaggrin mRNAs. RNase
protection experiments with riboprobes derived from clones
PCRH6 and PCR12 indicated that about 60 to 70% of the
hybridizing transcripts were organized in this way (39). Any
alternately spliced transcripts must therefore involve exon
sequences other than that of the present exon I and/or
different transcription initiation sites. Alternatively, another
gene similar to profilaggrin (at least in its 5' region) may
exist. However, only sequences with greater than 90%
homology to the profilaggrin gene would be extended or
protected under the annealing conditions used. Further work
to clarify these interesting complexities is in progress.

Structure of the amino terminus of the profilaggrin protein.
The deduced amino acid sequence of profilaggrin is shown in
Fig. 1A. The defined structure of the mRNA extends the
profilaggrin sequence by 221 amino acids past the previously
proposed initiation codon (the black dot on amino acid 222 in
Fig. 1A). The region encompassing the first 100 amino acids
was predicted to be largely a-helical (10). Detailed analysis
of this region revealed an unexpected feature: the amino
terminus of the human profilaggrin contains two calcium-
binding domains, termed EF-hands (29, 61, 64). When Gen-
Bank, NBRF, and SWISS protein sequence data bases were
searched for proteins with similar sequence, the comparison
revealed more than 60% homology in this region, with a class
of so-called small calcium-binding proteins (see below)
known to contain two EF-hand domains, as well as calmod-
ulin and troponin C that carry four EF-hands (28, 29, 64 and
the references therein).
To assess whether the deduced amino-terminal region is

indeed an integral part of the profilaggrin molecule, an
immunoblot analysis was performed. As a probe, an anti-
body (designated DTN) was raised in rabbits to the synthetic
peptide LERRNNRKGNKGRSKS, located 127 amino acids
downstream of the initiation codon and immediately adja-
cent to the a-helical region. Total human foreskin epidermal
protein extract was prepared, resolved on a 5 to 16%
gradient polyacrylamide gel (Fig. 5A, lane 1), and blotted
onto a PVDF membrane as described in Materials and
Methods. The proteins were reacted with anti-human filag-
grin antibody (Fig. 5A, lane 2) and with the DTN antibody
(lane 3). Whereas the filaggrin antibody recognized both
profilaggrin and filaggrin as well as all of the intermediary
products of the profilaggrin processing, the DTN antibody
detected only profilaggrin and the highest-molecular-weight
products of its initial processing (45, 55). The protein trans-
fer for Fig. 5A, lane 3, was done under conditions maximiz-
ing the blotting of high-molecular-weight fractions (e.g., 10
V/cm, overnight) but greatly reducing the amounts of rela-
tively low-molecular-weight proteins that are retained on the
membrane. When the blotting was performed at 50 V/cm for
150 min, the DTN antibody detected one prominent band
with a molecular mass of about 90 kDa and three fainter
products with masses of about 70, 50, and 20 kDa (Fig. 5A,
lane 4). The nature of these polypeptides is not yet clear.
However, the results show that the DTN antibody epitope
resides in the profilaggrin molecule and suggest that the
amino terminus of the profilaggrin contains the EF-hand
domains.
The immunoblot analysis was repeated with newborn-

mouse epidermal extracts. It was found that the anti-human
DTN antibody cross-reacts with mouse profilaggrin and,
similarly to the human extract, with two bands with molec-
ular masses of about 70 and 50 kDa (Fig. SB, lane 3). Thus,
we concluded that mouse profilaggrin also contains the DTN
epitope and that its amino-terminal sequence organization is
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FIG. 5. Western blot analysis of total human foreskin epidermal
SDS extracts (A) and newborn-mouse epidermal SDS extracts (B).
Extracts of human foreskin epidermis and newborn-mouse epider-
mis were made in boiling SDS, resolved on 5 to 16% gradient
polyacrylamide gels, and blotted onto PVDF membranes as de-
scribed in Materials and Methods. Lanes 1, Coomassie blue staining
of the PVDF-transferred extracts; lanes 2, blot reacted with anti-
human filaggrin antibody (A) and with anti-mouse filaggrin antibody
(B); lanes 3, human foreskin epidermal extract and newborn-mouse
epidermal extract blotted at 10 V/cm overnight and reacted with
DTN antibody; lane 4, human foreskin epidermal extract blotted at
50 V/cm for 150 min and reacted with DTN antibody. The arrow-
heads in panels A and B mark the antibody-positive polypeptides
and the DTN antibody-positive profilaggrin (PF) and 50-kDa pro-
tein, respectively. Protein molecular mass standards in the range of
14.3 to 200.0 kDa (Bethesda Research Laboratories) were used to
calibrate the gels (lane M in panel B). F, filaggrin.

therefore most probably very similar to that of human
profilaggrin.
The 50-kDa protein was found to be unreactive with

anti-mouse filaggrin antibody (Fig. SB, lane 2) and therefore
should not contain sequences characteristic of mature filag-
grin repeats. Whether it is a specific product of the profilag-
grin processing or an independently translated protein is still
unknown, but preliminary immunofluorescence data (38)
indicate that a protein different from profilaggrin is recog-
nized by the DTN antibody in the basal layer of normal
human and newborn-mouse epidermis as well as in normal
human keratinocytes grown in 0.15 mM Ca2 , conditions
that are nonpermissive for profilaggrin expression (24, 68).

Profilaggrin is a functional calcium-binding protein. Al-
though the Western blot data suggested that both human and
mouse profilaggrins contain the EF-hands, there was no
conclusive evidence that this really was the case and, if so,
that the EF-hands were functional calcium-binding domains.
Since mouse profilaggrin was more stable and easier to
purify, it was used in subsequent experiments to test these
questions. Total newborn-mouse epidermal SDS extract,
purified profilaggrin (5 ,ug), purified and dephosphorylated
profilaggrin (5 ,ug), purified filaggrin (1 ,ug) and purified
50-kDa protein (1 ,ug) were dot blotted on a nitrocellulose
filter. Calmodulin and troponin C (1 pg each) were used as
positive controls. Reaction buffer, purified mouse keratin 10,
and lysozyme were the negative controls. The membrane
was overlaid with 10 ,uM 45Ca2", treated as described in
Materials and Methods, and exposed to an X-ray film for 48
h (27). The autoradiogram is shown in Fig. 6A. Whereas
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FIG. 6. Calcium-binding assay. (A) Column 1, proteins incu-
bated for 1 h in reaction buffer containing 10 ,uCi of 45Ca2" per ml
and filtered through nitrocellulose membrane. Rows: 1, reaction
buffer; 2, purified mouse 50-kDa protein (1 pg); 3, purified mouse
filaggrin (1 pg); 4, purified mouse K10 (1 ,ug); 5, dephosphorylated
mouse profilaggrin (PF/P; 5 ,ug); 6, purified nondephosphorylated
mouse profilaggrin (PF; 5 ,ug); 7, total newborn-mouse epidermal
extract; 8, troponin C (1 ±g); 9, calmodulin (1 p.g); 10, lysozyme (1
p.g). The autoradiogram in column 1 was scanned with a computing
densitometer. The numbers in column 2 are the values above the
background for each dot; the numbers in column 3 are the respective
efficiencies of calcium binding in comparison with that of calmodu-
lin. The data shown in panel A are from one experiment. The values
in column 2 varied between different experiments, but those in
column 3 were highly reproducible. n.a., not applicable. (B) Total
newborn-mouse epidermal extract (left lane) and purified mouse
profilaggrin (right lane) were resolved on a 5 to 16% gradient
polyacrylamide gel, transferred to PVDF membrane, and overlaid
with 45Ca2" as described in Materials and Methods. The arrowheads
mark the positions of profilaggrin (PF) and the 50-kDa protein.

buffer, filaggrin, keratin 10, and lysozyme did not bind
calcium at all, the total protein extract as well as the purified
profilaggrin and the purified 50-kDa protein clearly bound
Ca2". That profilaggrin is indeed a calcium-binding protein
was further confirmed by the same technique on a PVDF-
blotted SDS-polyacrylamide gel of purified profilaggrin (Fig.
6B). The data were quantified by scanning the autoradiogram
shown in Fig. 6A in a computing densitometer. The numbers
in the second column in Fig. 6A are the values above
background for each dot; the numbers in the third column
show the respective efficiencies of calcium binding com-
pared with that of calmodulin. Considering that the profilag-
grin has molecular weight at least 30 times higher than that of
calmodulin, that it contains two instead of four EF-hands,
and that 5 ,ug of profilaggrin versus 1 ,ug of calmodulin was
loaded, it was estimated that profilaggrin binds calcium ions
2.3 times more efficiently than calmodulin. It is known that
in the epidermis, the profilaggrin is heavily phosphorylated
on serine residues (see reference 43). In order to exclude a
possible contribution of the phosphate groups to calcium
binding, the purified profilaggrin was dephosphorylated with
NaOH (40). This dephosphorylation did not cause any
significant decrease in the signal (2.3 versus 2.1), thus
indicating that the calcium-binding activity of profilaggrin is
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due mostly to the EF-hand domains. The binding efficiency
of the 50-kDa protein was also about 2.3 times that of
calmodulin.

DISCUSSION

The present paper describes the structural organization of
the 5' region of the human profilaggrin gene as well as the
amino terminus of the profilaggrin protein. Schematically,
the 5' portion of the gene is represented in Fig. 3A, and its
sequence is shown in Fig. 1A. The start site of the RNA
synthesis was defined by anchored RNA PCR. The initiation
nucleotide resides in a sequence that matches very closely
the consensus Cap site sequence (4). Computer analysis of
the promoter region reveals a perfect TATA box 27 bp
upstream from the initiation nucleotide. A putative initiator
sequence (48) is located at position 27 in the first exon. The
proximal and distal promoter regions contain many putative
regulatory elements. Three CAAT-like boxes (5) are located
at positions -35, -185, -194, and -208. The sequence
AAGCCAAA, found at position -288, was recognized pre-
viously by Blessing et al. (3) to be present in the 5'-upstream
region of a number of genes expressed primarily in kerati-
nocytes. An imperfect direct repeat, CCAGCAGGCTCCT
TCAGGCT, of the palindromic KER1 recognition site,
found in keratin 14, keratin 5, and keratin 1 genes and
implicated in the epithelial specificity of their expression (33,
34), resides 6 bp downstream of the transcription initiation
site in the human profilaggrin gene. A perfect AP1/TRE 0/A
recognition sequence, ATGAATCAG (47), is located 78 bp
upstream of the transcription initiation site. Interestingly,
Rothnagel at al. (50) recently identified an AP1 site as the
calcium-sensitive regulatory element in the human keratin 1
gene. The functional significance of these regulatory motifs
is now under detailed study.

Profilaggrin mRNA is transcribed from three exons. A
large intron (9,713 bp) separates exons I and II; intron 2 is
only 570 bp long. Exon I is 54 bp long and is untranslated.
The protein-coding sequences are distributed between exons
II and III. The combination of a very short exon I and an
unusually large intron 1 makes the structure of the human
profilaggrin gene unique among the epidermally expressed
genes so far investigated.
The primer extension and the RNase protection data point

out that profilaggrin mRNA is not the only transcriptional
product of the profilaggrin gene. Several fragments residing
in the large intron 1 and in the 5'-flanking region were
protected by both foreskin epidermal and RHEK cell RNAs
(Fig. 3). Similarly, the 5' portion of exon III contains
sequences protected by both RNA species. It is conceivable
that sequences in the profilaggrin gene are transcribed and
undergo alternate splicing to produce mature mRNAs differ-
ent from that of profilaggrin. The data with the cultured
RHEK cell RNA indicate that these transcripts are ex-
pressed in relatively undifferentiated basal epidermal cells.
Alternatively, these messages could be transcribed from a
different but highly homologous gene.
As already mentioned, the first ATG codon in frame with

the filaggrin-like amino acid sequence is situated 75 nt
downstream from the transcription start site in exon II. No
in-frame stop codons are found in the 5'-untranslated region.
Interestingly, in view of our preliminary data suggesting that
a portion of the primary transcripts are alternately spliced,
this permits the open reading frame to be extended further
upstream should another Cap site and/or different exon I
sequences be utilized.

As pointed out, the amino terminus of profilaggrin exhibits
significant homology to the so-called small calcium-binding
proteins such as S100 (see references 26 and 28 and the
references therein), calcyclin (16), cystic fibrosis antigen (13,
32), the intestinal calcium-binding protein ICaBP (30), and
pll, the S100-related light chain of the protein tyrosine
kinase substrate p36 (19, 53). All of these proteins contain
two EF-hands and not only have homology at the amino acid
sequence level (Fig. 7) but also have strikingly similar gene
organizations. Similarly to the profilaggrin gene system, the
transcribed sequences are contained within three exons, the
first being short (50 to 60 bp) and untranslated. Each
EF-hand is encoded by a separate exon. The locations of the
splice junctions within the S100-like protein genes are highly
conserved and correspond exactly to the exon-intron bound-
aries in the profilaggrin gene (Fig. 7).

In human profilaggrin, as well as in the other S100-like
proteins, each EF-hand is composed of two a-helices sur-
rounding a loop of oxygen-containing amino acids that form
the actual calcium coordination site (Fig. 7) (28, 32, 61). The
helix-loop-helix motifs are flanked by stretches of hydropho-
bic amino acids. In contrast to the EF-hand sequence, the C
terminus and the hinge region between the two EF-hands are
much less conserved among the different proteins. These
regions are believed to participate in the specific interactions
between the small calcium-binding proteins and the target
effector proteins in the presence of Ca2+ (28).
The Western blots in Fig. 5 show that the amino acid

sequence immediately adjacent to the EF-hand motifs is an
integral part of the human as well as of the mouse profilag-
grin molecule. By a calcium overlay technique, we were able
to show that purified mouse profilaggrin binds calcium (Fig.
6A and B). Together, these results strongly indicate that
profilaggrin is indeed a calcium-binding protein. However,
unlike the small calcium-binding proteins, in human profilag-
grin the EF-hand domains are adjacent to 10 to 12 repeats of
the mature filaggrin sequence (18). The filaggrin itself is an
intermediate filament-associated protein that plays a role in
keratin filament aggregation (37, 43, 58). Thus, profilaggrin
seems to be a "fused" protein that harbors two entirely
different functional domains. There are three examples in the
literature so far in which calcium-binding EF-hands have
been found linked to sequences of Ca2+-regulated enzymes.
One is a serine-threonine protein kinase from soybean that is
found in association with the actin microfilament system (23)
and the two others are a calcium-dependent protease,
calpain, which is present in most mammalian tissues (62),
and the highly homologous neutral proteinase from the
parasitic trematode Schistosoma mansoni (1). Calpain plays
a role in the activation of protein kinase C, in the degradation
of cytoskeletal proteins, and in the modification of neurofil-
aments (42, 62). To our knowledge, no enzymatic activity
with profilaggrin has ever been detected. Therefore, it is the
first example of a protein that exhibits both calcium-binding
and nonenzymatic functions. Recently, the partial amino
acid sequence of another epidermally expressed gene, tri-
chohyalin, was published (49). Although the most 5' end of
the gene has not yet been characterized, it is clear that the
deduced amino terminus of the protein contains two EF-
hands and that the core of the protein is composed of
numerous tandem repeats, an organization remarkably sim-
ilar to that of profilaggrin. Not only are profilaggrin and
trichohyalin organized in the same way and expressed in the
same stage of differentiation of the epidermis (20, 41), but
they are both mapped to the chromosome region 1q21.1 (35,
41). The functional implications of this finding remain unelu-
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FIG. 7. BESTFIT alignment of S100-like calcium-binding proteins with two homologous EF-hand motifs. Asterisks indicate the positions
of the intron sequences separating the two EF-hand-coding exons. The a-helices and turns of the EF-hands are denoted according to
Kretsinger (29). L, hydrophobic amino acids (L, V, I, F, and M); 0, oxygen-containing residues (E, D, Q, N, S, and T); G, glycine. The
conserved residues of the EF-hands are shadowed. Abbreviations: hu, human; ra, rat; sh, sheep; PF, profilaggrin; TC, trichohyalin; CACY,
calcyclin; CAGA, cystic fibrosis antigen subunit A; ICaBP, intestinal calcium-binding protein; pll, the S100-related light chain of the
protein-tyrosine kinase substrate p36.

cidated. Interestingly, however, several small calcium-bind-
ing proteins have also been mapped at 1q21 (12, 21) and
some of them, like calcyclin, have been shown to be ex-
pressed in the epidermis (66). At the same time, the genes for
another two epidermal-specific intermediate filament-associ-
ated proteins, involucrin (14) and loricrin (67), have been
mapped to 1q21. Similarly to profilaggrin and trichohyalin,
both of these genes are organized as multiple tandem re-
peats. Thus, the 1q21 locus appears to harbor the informa-
tion for two entirely distinct cellular functions: calcium
binding on the one hand and interaction with cytoskeleton on
the other. In the cases of profilaggrin and trichohyalin, these
two functions reside on one and the same gene product. It is
possible that both the profilaggrin and trichohyalin genes
arose during evolution by fusion of an ancestral epidermal
structural gene composed of multiple tandem repeats with a
gene for a calcium-binding protein that resided in the same
chromosome locus.
What is the biological function of the calcium-binding

domain in profilaggrin? Although limited experimental data
are available, there are several Ca-dependent processes in
the epidermis in which profilaggrin may play a crucial role. It
has been known for some time that the terminal differentia-
tion of keratinocytes is tightly regulated by extra- and
intracellular calcium concentrations (15, 24, 68). Recently, it
was established that induction of protein kinase C activity in
mouse keratinocytes enhances the expression of profilaggrin
mRNA only at permissive Ca2+ concentrations, i.e., above
0.2 mM (11). It is possible that profilaggrin has a role in the
transduction of the Ca signal during the coordinate prolifer-
ation and differentiation of keratinocytes. Alternatively, the
interaction of filaggrin with the keratin intermediate fila-
ments must be tightly regulated in the keratinocytes to
prevent premature aggregation. The different steps of this
regulation include phosphorylation and dephosphorylation
of profilaggrin and its proteolysis to mature filaggrin repeats.
Preliminary evidence suggests that the activity of at least one

of the phosphatases involved and the proteolytic processing
from intermediates to filaggrin is influenced by calcium (43).
The profilaggrin calcium-binding domains could be the mod-
ulators of the activity of the responsible enzymes. In this
way, profilaggrin could effectively autoregulate its own
processing. Finally, profilaggrin may exert its role as a
calcium-binding protein by interacting in a Ca-dependent
manner with different components of the cytoskeleton
and/or of the plasma membrane. In support of these specu-
lations, there are several instances in which small calcium-
binding proteins have been observed to modulate the activ-
ities of key enzymes or to change cell shape and morphology
during differentiation (for a review, see reference 28).

In conclusion, by means of various molecular biology
techniques we have elucidated the exon-intron organization
of the human profilaggrin gene. We have shown that pro-
filaggrin mRNA consists of three exons, the first of which is
predicted to be untranslated. The mRNA encodes a large
protein that contains two calcium-binding domains. Our new
data suggest that the profilaggrin gene system subserves a
third important function in epidermal differentiation. In
addition to production of filaggrin that binds and organizes
the keratin intermediate filaments and then production of
free amino acids ensuring the flexibility of cornified cells, it
is very likely that the calcium-binding domains of profilag-
grin play an important regulatory role in the epidermis. An
understanding of how these functions are exerted in concert
and finely tuned during different stages of epidermal differ-
entiation could provide a clue to the defects underlying
several skin disorders in which the profilaggrin-filaggrin
system has been implicated (9, 43).
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